The effects of experimental lesions of the monkey prefrontal cortex (PFC) have played a predominant role in current conceptualizations of prefrontal function, and most notably of working memory. Working memory allows organisms to use information that is not currently present in the environment but is vital to adaptive behavior. Current conceptualizations include both a maintenance component, akin to short-term memory, and an "executive" component that includes various control processes that in some way transform maintained representations into a more usable form. The loss or preservation of certain working memory abilities has been shown to be attributable to differences in the specific requirements of behavioral testing (e.g., spatial vs. nonspatial, delay vs. no delay) along with differences in the specific locations of applied ablations (e.g., dorsal vs. ventral PFC). Such findings, which have accumulated now for over a century, have led to widespread acceptance that the dorsolateral (BA 46, 9/46, and 9) and ventrolateral (BA 45 and 47/12) aspects of the PFC (see Figure 1 ) may perform different, specialized roles in higher order cognition. 1 Nonetheless, it remains unclear and controversial how the lateral PFC is functionally organized.
Two main views propose different types of functional specialization for the dorsal and ventral PFC. The first, the material-specific model, contends that the lateral PFC is segregated according to the processing of spatial and nonspatial domains of information (Levy & GoldmanRakic, 2000) . The dorsolateral PFC is engaged in "online" maintenance of spatial memoranda, while the ventrolateral PFC supports nonspatial (e.g., face, objects) memoranda. In essence, the segregation of the dorsal "where" and ventral "what" visual pathways in posterior extrastriate, parietal, and temporal cortices are proposed to be conserved in the lateral PFC. This appealing hypothesis is founded on the relatively greater proportion of projections from the dorsal stream to the dorsolateral PFC and, similarly, the greater proportion of projections from the ventral stream to the ventrolateral PFC (see Figure 1) . The second, process-specific model contends that domain specialization is not the key to the organization of the PFC. This model does not deny that material or domain specificity exists in the PFC; it simply attempts to describe another functional topography. To this end, the dorsal and ventral prefrontal cortices are proposed to per-The effects of experimental lesions of the monkey prefrontal cortex have played a predominant role in current conceptualizations of the functional organization of the lateral prefrontal cortex, especially with regard to working memory. The loss or sparing of certain performance abilities has been shown to be attributable to differences in the specific requirements of behavioral testing (e.g., spatial vs. nonspatial memoranda) along with differences in the specific locations of applied ablations (e.g., dorsal vs. ventral prefrontal cortex). Such findings, which have accumulated now for over a century, have led to widespread acceptance that the dorsolateral and ventrolateral aspects of the prefrontal cortex may perform different, specialized roles in higher order cognition. Nonetheless, it remains unclear and controversial how the lateral prefrontal cortex is functionally organized. Two main views propose different types of functional specialization of the dorsal and ventral prefrontal cortex. The first contends that the lateral prefrontal cortex is segregated according to the processing of spatial and nonspatial domains of information. The second contends that domain specialization is not the key to the organization of the prefrontal cortex, but that instead, the dorsal and ventral prefrontal cortices perform qualitatively different operations. This report critically reviews all relevant monkey lesion studies that have served as the foundation for current theories regarding the functional organization of the prefrontal cortex. Our goals are to evaluate how well the existing lesion data support each theory and to enumerate caveats that must be considered when interpreting the relevant literature.
form qualitatively different operations (Petrides, 2000b) . The process-specific model proposes a hierarchy in which the ventrolateral PFC supports processes such as the active encoding and retrieval of information, and the middorsolateral PFC supports higher order "executive" control functions like the monitoring and manipulation of stored information. This report critically reviews the monkey lesion studies that have provided the foundation for current theories regarding the functional organization of the PFC.
History
Hitzig (1874) and Ferrier (1886) described over 100 years ago the effects of experimental ablations of the PFC. Early naturalistic observations made by these experimental psychologists led them to conclude that the frontal cortex is particularly concerned with intellectual and attentional rather than sensory and motor functions. Later, more extensive comparative studies and structured behavioral methods were used to investigate the effects of frontal lesions. The Italian physiologist Bianchi (1922) concluded that removal of the frontal lobes destroyed the ability of the animal to synthesize various incoming percepts and integrate these with outgoing motor commands. In his view, the frontal cortex was the top of the sensory and motor hierarchies and was the final stage of integration. The American psychologist Franz (1907) , unlike his predecessors, used structured and objective behavioral testing methods (e.g., Thorndike boxes and basic visual discrimination problems) to study the effects of frontal lobe removal. Unfortunately, though, the behavioral tests he chose proved inadequate for capturing the types of mental processes that are impaired after frontal lesions. Up to this point, Hitzig, Ferrier, Bianchi, and Franz had produced intriguing but still somewhat impressionistic work that failed to establish what role the PFC might play in high-level cognition. What was clearly lacking from their studies was a means for reliably and flexibly assessing the behavioral effects of prefrontal lesions; the pioneering researchers had noted these effects but were as yet unable to capture them. In the hands of Jacobsen (1936), Hunter's (1913) delayed-response task (Figure 2 ) proved to be a selective index of primate prefrontal deficit. Jacobsen's highly influential monograph detailed the delayed-response and visual discrimination capabilities of monkeys that had been given prefrontal, premotor, or temporal lobe lesions. He demonstrated that only prefrontal monkeys showed a selective and delaydependent deficit on delayed-response tasks. Delayedresponse tasks depend upon the animal's ability to maintain an internal representation over the course of a delay. At the time of choice, this internal representation must guide behavior, because no features present in the environment signal the correct response. With these ideas in mind, Jacobsen concluded that the deficit caused by prefrontal cortical damage was mnemonic in nature; specifically, the monkey's ability to use "immediate memory" to guide behavior was impaired by the prefrontal lesion.
The Effects of Prefrontal Lesions on the Performance of Delayed-Response Tasks
Following Jacobsen's (1936) pivotal demonstration of impaired delayed-response task performance after prefrontal ablations, several decades of investigations have attempted to identify exactly which area(s) of the PFC are necessary for delayed-response performance (i.e., localization) and which mental process or processes necessary for delay-response performance are impaired by damage to the PFC (i.e., functional specification). Earlier studies illustrating that an intact PFC was necessary for delayed-response task performance typically made large lesions of the entire lateral prefrontal cortex, often including the medial and orbital surfaces as well. As first demonstrated by Blum (1952) , an equally disabling deficit on delayed-response tasks can be produced by more focal lesions of just the "midlateral" portion of the PFC. In fact, small circumscribed lesions of just the principal sulcus (i.e., areas 46 and 9/46d) can produce deficits as great as larger total prefrontal lesions (Butters & Pandya, 1969; Butters, Pandya, Stein, & Rosen, 1972; Goldman & Rosvold, 1970; Goldman, Rosvold, Vest, & Galkin, 1971; Gross & Weiskrantz, 1962; Mishkin, 1957) . Lesions of the periacuate (i.e., areas 8Ad and 8Av), superior frontal (i.e., areas 8B and 9), orbital (i.e., areas 11 and 12), premotor (i.e., areas 6, 8, and 44), inferior temporal, and parietal cortex do not typically cause significant or long-lasting impaired delayed-response performance (Butters & Pandya, 1969; Goldman & Rosvold, 1970; Goldman et al., 1971; Jacobsen, 1936 ; Rosenkilde, The delayed matching-to-sample task (middle) is a nonspatial working memory task and requires the monkey to remember an object over a delay. After the delay, only the well beneath the sample object is baited. A common variant (not shown) is the delayed nonmatching-to-sample task, in which the monkey remembers the sample object, but after the delay must select an object that does not match the sample object's form. Another nonspatial working memory variant, called delayed object alternation (not shown), is similar to spatial alternation but requires the monkey to alternatively select the object not selected on the past trial. On a self-ordered task (right), a set of objects is shown, and on each trial the monkey must select one object until they have all been selected. Rosvold, & Mishkin, 1981) . Importantly, lesions of the inferior convexity or ventrolateral PFC (i.e., areas 47/12, 45A, and 45B), which are discussed below, do not produce substantial or long-lasting deficits in delayedresponse performance (Passingham, 1975) . Thus, by the early 1970s, a fair amount of evidence from lesion analyses implicated the principal sulcus as the most necessary structure required for normal performance of delayedresponse and delayed-alternation tasks (see Figure 2) . The nature of the deficit caused by lesions of the principal sulcus, however, was far from being understood.
Functional Specification
Simultaneous with probes into which part of the PFC supported delayed-response task performance, investigators began asking exactly what cognitive processes were being measured. Were the deficits domain-specific (e.g., spatial vs. nonspatial memoranda) or modalityspecific (e.g., visual vs. auditory cues)? Delayed-response tasks are complex, and failure can result from a multitude of impaired processes. Were the deficits most consistent with impaired stimulus discrimination? Did they seem attributable to alterations in motor control? Or, as Jacobsen (1936) speculated, were they attributable to impairments in the ability to maintain an internal representation over a period of time? To seek answers, variations on the classic delayed-response task were conceived.
The importance of space and time. In the classical versions of the delayed-response and delayed-alternation problems, an animal must use spatial factors to solve them correctly. For the delayed-response task, the spatial position of the baited well must be remembered over a delay. Similarly, for the delayed-alternation task, the spatial position of the well chosen on the last trial must be remembered. Besides their spatial position, the two wells are otherwise indistinguishable (e.g., same color, shape, etc.). We have already seen that prefrontal lesions impair performance on such spatial delayed-response and delayed-alternation tasks. To address whether the same pattern would emerge if the animal must rely on nonspatial information, Mishkin and Pribram conducted a series of studies (Mishkin, 1954; Mishkin & Pribram, 1954) . They trained monkeys to perform delayed-response and delayed-alternation tasks that were modified so that monkeys were required to use nonspatial information to perform correctly. Remarkably, the monkeys with prefrontal lesions were able to perform these versions normally but still performed poorly on tasks for which spatial information was necessary. Therefore, the deficit following prefrontal damage appeared limited to the spatial domain. However, Mishkin and Pribram then discovered that monkeys with prefrontal lesions were just as impaired on a delayed object alternation task as on the spatial version (Mishkin & Pribram, 1955 , calling into question the domain specificity of the lesion. For the object alternation task, animals alternately chose between two easily distinguishable objects on each trial; the positions of the objects were random and did not guide correct performance. In a followup study with prefrontal lesions limited to the dorsal and sparing the ventral lateral prefrontal surface, there was a marked deficit on spatial but not object delayedalternation tasks (Mishkin, Vest, Waxler, & Rosvold, 1969) ; this effect was later replicated by Petrides (1995) . Thus, damage to the dorsolateral PFC caused alternation deficits when spatial but not object information must be used to guide behavior.
In a pair of influential studies, Goldman-Rakic and colleagues (Goldman & Rosvold, 1970; Goldman et al., 1971) presented evidence that spatial factors are necessary but not sufficient to cause deficits in monkeys with principal sulcus lesions; the imposition of a delay between cue and response is also necessary. Monkeys with lesions of the principal sulcus could not perform spatial delayed-response (Goldman et al., 1971) or spatial delayed-alternation tasks (Goldman & Rosvold, 1970) . However, these monkeys performed normally on a conditional position response task that did not impose an intratrial delay: The monkeys were rewarded for choosing a left or right box depending on a sound that originated from above or below the chamber (Goldman & Rosvold, 1970) . This task contained a spatial component but no delay. Additionally, in a study that replicated the findings of Mishkin and Pribram (1954) , lesions of the principal sulcus did not cause impairments in a delayed go/no-go alternation task, which contained a delay but not a spatial component (Goldman et al., 1971) . The researchers argued that in order for a behavioral task to be sensitive to lesions of the principal sulcus, it must necessarily contain both a spatial and a delay factor rather than either of these factors alone.
Other compelling ways have also been found to demonstrate that the presence of a delay is crucial. For instance, instead of comparing performance on different tasks that have or do not have delays, the same task can be used and performance can be assessed for varying delays. M. H. Miller and Orbach (1972) demonstrated that monkeys with dorsolateral PFC lesions show a delaydependent spatial alternation deficit: The monkeys can perform spatial alternation tasks when there is no delay, show mild deficits at a minimal 1-sec delay, and show pronounced deficits when the delay is lengthened to 5-sec. Similar delay-dependent effects on delayed-response tasks have been observed after cooling of the PFC (Bauer & Fuster, 1976; Fuster & Alexander, 1970) .
Most notably, using an eight-position oculomotor delayed-response task with restrained monkeys, Funahashi, Bruce, and were able to demonstrate convincingly that lesions of the principal sulcus interfere, in a delay-dependent manner, with the accuracy of saccades made to remembered locations of briefly presented cues in the contralesional hemifield. The deficits did not appear to be strictly sensory or motor in nature, since the monkeys had no difficulties detecting visual cues and making accurate saccades to them, as long as they were still visible. In fact, significant deficits were rarely noted at a brief delay of 1.5 sec but became progressively worse as the delay was lengthened, showing a delay dependency. Funahashi and colleagues had previously shown that directionally selective delay-period neuronal activity, as measured by unit recordings of cellular activity in the principal sulcus in awake-behaving monkeys performing oculomotor delayed-response tasks, may represent maintenance of the spatial cue over the delay (Funahashi, Bruce, & Goldman-Rakic, 1989 , 1990 , 1991 . Also notably, Funahashi et al. (1993) reported for the first time impairments when only one PFC hemisphere was lesioned. Past studies done in the Wisconsin General Testing Apparatus, a testing chamber in which the monkey was free to move its head during the testing, had not found significant impairments unless both PFC hemispheres were damaged. However, with the monkey's head restrained and eye position controlled, Funahashi et al. (1993) were able to demonstrate that unilateral lesions were sufficient to cause contralesional impaired spatial working memory performance (see Figure 3) . Together, these data strongly link the principal sulcus to the maintenance of contralateral spatial information.
Non-spatial working memory performance after dorsolateral prefrontal lesions. In the 1970s, Fuster and his colleagues began experimenting with localized cryogenic depressing or "cooling" of cortical tissue as a means of inducing a reversible lesion. These investigators demonstrated that cooling of the principal sulcus impaired performance of not only spatial delayedresponse tasks (Bauer & Fuster, 1976; Fuster & Alexander, 1970; Fuster & Bauer, 1974 ) but also nonspatial delayed matching-to-sample tasks (Bauer & Fuster, 1976; Quintana & Fuster, 1993) . These data argue against the hypothesis that the principal sulcus supports short-term memory for spatial information only and suggests that it has a more general role in working memory. To bolster this claim, Fuster and others have cited unit recording studies in which delay period activity of neurons in the principal sulcus is just as great during spatial as during nonspatial working memory tasks (Fuster, Bauer, & Jervey, 1982; Quintana & Fuster, 1992; Quintana, Yajeya, & Fuster, 1988; Rao, Rainer, & E. K. Miller, 1997) .
Other investigations around the same time showed that lesions limited to the principal sulcus do not cause nonspatial delayed alternation or delayed matching-to-sample deficits (Mishkin & Manning, 1978; Mishkin et al., 1969; Passingham, 1975; Stamm, 1973; Stamm & WeberLevine, 1971 ), but lesions ventral to the principal sulcus do cause such impairments severely (Mishkin & Manning, 1978; Passingham, 1975) . Moreover, further studies have confirmed that lesions of the dorsolateral PFC do not cause impaired nonspatial working memory (Bachevalier & Mishkin, 1986; Levy & Goldman-Rakic, 1999; Petrides, 1991 Petrides, , 1995 Petrides, , 2000a . How do we reconcile these discrepancies? Some investigators attributed the nonspatial working memory deficits noted after cooling of the principal sulcus to a spreading of the cooling to adjacent prefrontal cortical tissue. Although cryogenic depression does result in the dampening of synaptic activity, the effects are not very localizable, and there is even a halo zone around the cooled center that can exhibit hyperactive synaptic activity (Volgushev, Vidyasagar, Chistiakova, & Eysel, 2000) . This spatial uncertainty, combined with recent studies that show that dorsolateral PFC lesions do not cause impaired maintenance of object stimuli (Levy & Petrides, 2000a) , cause us to conclude that dorsolateral PFC lesions cause specific impairments in the maintenance of spatial memoranda.
Sensory modality of memoranda is not limited to vision. Almost all of the studies we have discussed up to this point have used visually presented stimuli, which leaves open the possibility that the deficits they have noted following prefrontal damage are modality specific. However, this does not appear to be the case. Prefrontal lesions also cause delayed-response impairments when spatial memoranda cues are auditory (Blum, 1952; Oscar-Berman, 1975) . Cooling of the PFC also causes impairments when memoranda are perceived haptically (Shindy, Posley, & Fuster, 1994) . Therefore, it appears that lesions to the PFC cause impaired delayed-response performance regardless of the input sensory modality.
Monitoring and self-ordered task performance after dorsolateral prefrontal lesions. Michael Petrides, the major proponent of the process-specific theory of midlateral PFC organization, developed a variation on the delayed-response task called the self-ordered task (see Figure 2; Petrides & Milner, 1982) . Self-ordered tasks not only require that the animal remember some stimulus feature over a delay but also critically tax the animal's ability to monitor the contents of working memory. Monitoring, according to Petrides (Petrides, 2000b) , is an executive control process that is used to track, update, and order the number of items stored in working memory. According to the process-specific model, the middorsolateral PFC (i.e., area 9/46d and 46) supports this executive process irrespective of the nature of the material (i.e., spatial vs. nonspatial). Recall that monkeys with dorsolateral PFC lesions are not impaired on tests of nonspatial working memory that rely on recognition memory (e.g., delayed matching or nonmatching-tosample or object alternation tasks). However, they do fail on nonspatial self-ordered tasks that in addition to maintenance, require the executive process of monitoring (Petrides, 1991 (Petrides, , 1995 (Petrides, , 2000a . These results are the cornerstone of the process-specific model's position that the mid-dorsolateral PFC supports working memory processes, both spatial and nonspatial, by tracking or monitoring this information. Levy and Goldman-Rakic (1999) directly challenged these conclusions with data from monkeys with dorsolateral PFC lesions that performed spatial and nonspatial versions of self-ordered and delayed-response or matching tasks. Lesions to the dorsolateral PFC caused impairments on spatial delayed-response tasks but not on object delayed nonmatching-to-sample tasks, replicating the effects that had been shown many times before (see above). Lesions to the dorsolateral PFC caused lasting impairments on the spatial but not the object selfordered task. Animals had not been tested on a spatial version of the self-ordered task previous to this study, but impairments on such a task are consistent with both the material-and process-specific models. However, the intact performance of monkeys with lesions to the dorsolateral PFC on the object version of the self-ordered task, a version very similar to the one that yielded deficits in Petrides's studies, is particularly problematic (Levy & Goldman-Rakic, 2000) .
These data are strong evidence in favor of the materialspecific model, at least with regard to the specific role of the dorsolateral PFC in spatial working memory. The comparability of the exact location of the dorsolateral PFC lesions in Petrides (2000b) and Levy and GoldmanRakic (1999) must be carefully considered, however. Both sets of investigators acknowledged that the lesioned loci were not the same and that this fact could be related to the discrepancy in their results (see Figure 4) . Levy and Goldman-Rakic (1999) lesioned the tissue in the depths of the sulcus in areas 46, 9/46d, and the anterior portion of sulcal 8Ad. The Petrides (2000b) lesions were mostly restricted to the dorsal lip of the principal sulcus extending up around the midlateral gyrus (areas 46, 9/46d, and inferior-lateral portions of area 9), but importantly spared most of the tissue in the depths of the sulcus itself. Therefore, it may be that intact performance on the object self-ordered task can be seen after damage to the mid-dorsolateral PFC, as long as the lesion spares the gyral convexity.
Dorsolateral prefrontal cortex lesion summary. Overall, there is compelling evidence, much of it from the work of Goldman-Rakic, that damage to the dorsolateral PFC, especially in the depths of the principal sulcus in areas 46, 9/46, and 8Ad, causes profound impairments in spatial working memory. Performance is typically intact on tests of nonspatial working memory unless executive control processes are required, as has been demonstrated by the work of Petrides. Several outstanding issues have yet to be resolved, however: First, the differential contributions of the sulcal and gyral portions of the dorsolateral PFC to working memory performance need to be addressed. For instance, it is unknown whether or not lesions like those in Petrides (2000b) , but extending to the convexity of the mid-dorsolateral PFC in areas 46 and 9/46, would result in impaired performance on a spatial delayed-response task, which does not depend critically on monitoring. Second, how much does impaired spatial working memory depend on damage to area 8Ad, which is known to contain the frontal eye fields and was included in the lesions in Levy and Goldman-Rakic (1999) ? The second question has been partially addressed by Funahashi et al. (1993) , in which two of the monkeys' lesions did not extend into caudal 8Ad; these monkeys did indeed show impaired oculomotor delayed-response task performance.
Localization II: Ventrolateral Prefrontal Cortex (or Inferior Convexity)
As discussed, lesions of the principal sulcus cause impaired spatial but unimpaired nonspatial working memory deficits, a pattern of findings consistent with the material-specific model. In addition, that model proposes that the tissue below the principal sulcus (areas 46v, 9/46v, 47/12) is specialized for the maintenance of nonspatial memoranda, like objects and faces. Indeed, neurons in area 45 and part of area 12 often show selective responses to visually presented faces and objects (Ó Scalaidhe, Wilson, & Goldman-Rakic, 1999; Wilson, Ó Scalaidhe, & Goldman-Rakic, 1993) . In contrast with the dorsolateral PFC literature, relatively little data has accumulated on the effects of lesions to the ventrolateral PFC, but nonetheless we review these findings below.
Spatial working memory performance after ventrolateral prefrontal lesions. Contrary to the common claim that lesions to the ventrolateral PFC do not normally impair spatial working memory (e.g., Levy & Goldman-Rakic, 1999 , substantial impairments on tests of spatial working memory have often been observed following such lesions (Iversen & Mishkin, 1970; Mishkin et al., 1969; Passingham, 1975; Rosenkilde et al., 1981) .
Nonspatial working memory performance after ventrolateral prefrontal lesions. Lesions to the ventrolateral PFC have been shown to produce impaired performance on tests of nonspatial working memory, like delayed object alternation tasks (Mishkin & Manning, 1978) and tests of recognition memory for objects or colors (Iversen & Mishkin, 1970; Mishkin & Manning, 1978; Passingham, 1975) . However, these impairments are often reported to be relatively mild and transient (Kowalska, Bachevalier, & Mishkin, 1991; Passingham, 1975) . Also, unlike the results following dorsolateral PFC lesions, where performance deficits necessarily de- A B pend on the imposition of a delay, ventrolateral PFC lesions often cause impairments even when no delay is present (Iversen & Mishkin, 1970; Passingham, 1975; Rushworth, Nixon, Eacott, & Passingham, 1997) . Indeed, no delay-dependent working memory impairment has been reported following ventrolateral PFC lesions.
The most compelling data that questions the role of the ventrolateral PFC in working memory generally, and not just in nonspatial working memory, is that of Rushworth et al. (1997) , who reported that removal of the ventrolateral PFC (area 47/12) resulted in no effect on pattern or color working memory. Lesions were then extended to include area 45A, which resulted in impairments in a color matching-to-sample task with no delay (i.e., the sample and response choices were presented simultaneously), but the imposition of increasing delays did not exacerbate the effect of the lesion (see Figure 5 ). These data led the authors to suggest that the ventrolateral PFC is not essential for working memory.
Associative learning after ventrolateral prefrontal lesions. Given that the effects of lesions to the ventrolateral PFC may not be best characterized as impaired working memory, what role may this portion of the cortex have in cognition? There have been several reports of impaired performance on what are called conditional visuomotor learning or arbitrary visuomotor mapping tasks after lesions to the ventrolateral PFC, which thus deserve comment. These tasks require that the animal learn arbitrary associations between visual cues and motor responses. The word "arbitrary" is important here, because it means that the stimulus-response mapping is not spatially guided. For instance, the position of a red light at an intersection does not in itself provide any guide as to where one should drive, but it does indicate that one should stop; there is an arbitrary nonspatial mapping between a red signal light and the motor behavior associated with the light.
Using a crossed disconnection procedure, in which the ventrolateral PFC is damaged in one hemisphere and the inferior temporal (IT) cortex is damaged in the other hemisphere followed by a transection of the corpus callosum, Gaffan and colleagues have shown that interactions between the ventrolateral PFC and IT are necessary for normal learning of arbitrary visuomotor associations (Gaffan & Harrison, 1988; Parker & Gaffan, 1998) . Transection of the major fiber bundle connecting IT and ventrolateral PFC, the uncinate fasciculus, also impairs learning of arbitrary visuomotor associations (Eacott & Gaffan, 1992) . Moreover, monkeys with bilateral ventrolateral PFC lesions have terrible difficulties learning arbitrary visuomotor mappings (Bussey, Wise, & Murray, 2001 ; see Figure 6 ). These deficits do not appear to be caused by sensory or motor failures per se, as the monkeys can achieve substantial levels of performance on a concurrent visual discrimination task, and analysis of the errors indicates that they are not consistent with perseveration or systematic response biases (Bussey et al., 2001) . Even small reversible lesions applied with the local infusion of bicuculline into a restricted area of the ventrolateral PFC cause impaired arbitrary visuomotor learning, while infusions into the dorsolateral PFC do not (Wang, Zhang, & Li, 2000) . The pattern of performance deficits following ventrolateral PFC damage may be due to a failure to form and/or use arbitrary visuomotor associations. These stimulus-response mappings are essentially rules (Murray, Bussey, & Wise, 2000; ) that could be low-level (for instance, stop at a red signal light), or high-level (for instance, signal lights guide traffic flow) in nature. Alternatively, the ventrolateral PFC lesion could impair performance by impacting the animal's strategic approach to the problem: Error analyses indicate that the monkeys fail to apply win-stay, lose-shift, and change-shift strategies during the learning sessions (Bussey et al., 2001; Wang et al., 2000) .
Ventrolateral prefrontal lesion summary. Some evidence suggests that lesions to the ventrolateral PFC cause nonspatial working memory impairments. However, there are several problems with this interpretation: First, no study has demonstrated a selective deficit in the spatial as compared with the nonspatial domain. When deficits were found in the spatial domain, they were noted in the nonspatial domain as well. Second, there has been no demonstration of a delay dependency. Impairments have been observed with tasks that do not require maintenance, and increasing the delay does not exacerbate the deficit. Third, damage to the ventrolateral PFC causes impairments with tasks that make no working memory demands. For instance, performance on conditional visuomotor association tasks is impaired after ventrolateral PFC damage (Bussey et al., 2001; Gaffan & Harrison, 1988; Parker & Gaffan, 1998; Wang et al., 2000) . Therefore, impairments following ventrolateral PFC lesions may be best conceptualized as an inability to form and/or use associations between cues and motor responses or may be more generally associated with inability to use learning strategies .
Evaluating the Theories of the Functional
Segregation of the Mid-Lateral PFC
Material-Specific Model
This model, proposed by Goldman-Rakic, predicts that lesions to the dorsolateral PFC cause specific impairments in spatial, but not in nonspatial, working memory performance. Indeed, the specificity of dorsolateral PFC lesions to spatial working memory is the strongest support for this model. Lesions to the dorsolateral PFC reli- ably cause significant impairments in spatial working memory performance, and the effect is exacerbated with increasing delays. The model also predicts that ventrolateral PFC lesions cause specific impairments in nonspatial working memory performance. So far, very little support exists that indicates that the ventrolateral PFC is necessary for nonspatial working memory. Clearly, the overall pattern of results does not suggest a double dissociation between dorsolateral and ventrolateral PFC lesions and spatial and nonspatial working memory.
Process-specific model
This model, proposed by Petrides, predicts that lesions to the mid-dorsolateral PFC cause an impaired ability to maintain and monitor or track multiple items in working memory. The strongest support for this prediction is the finding that when monitoring demands are increased, even when the memoranda are objects, the performance of monkeys with mid-dorsolateral PFC lesions is impaired. However, these same monkeys can still maintain objects over varying retention intervals without problem. If monitoring is indeed the critical process that depends on mid-dorsolateral PFC integrity, then it remains unclear why such lesions cause impairments on simpler tests of spatial working memory; dorsolateral PFC lesions impair performance on spatial delayed response and oculomotor delayed response tasks that do not depend on monitoring. The model also predicts that ventrolateral PFC lesions will cause impairments in active or strategic encoding and retrieval of information. However, these aspects of the model have yet to be tested, and their relation to learning arbitrary visuomotor associations has yet to be formalized.
Conclusions
The material-and process-specific theories have been critical catalysts in our attempts to understand the functional specializations of PFC subregions by motivating research and providing a heuristic framework within which hypotheses can be tested. It cannot be overstated how important the findings from monkey lesion studies have been in the development of these two theories of the functional organization of the midlateral PFC. The use of lesions to map structure-function relationships existed before the development of new imaging techniques, when the roots of the current PFC theories were also developing. Recently, the lessons from these studies have no longer been given primary importance, despite the fact that lesions can be used to test the necessity of a brain region for cognition powerfully. Theory testing is currently being done with the use of correlative techniques such as electrophysiology (Funahashi, 2001; Fuster, 2001; E. K. Miller, 2000; Wilson et al., 1993) Passingham, Toni, & Rushworth, 2000; Ungerleider, Courtney, & Haxby, 1998; Wilson et al., 1993) . The goal of this review was to revive awareness of the important contributions that lesion studies have made. To this end, we summarized the effects of PFC lesions with special emphasis on how the findings fit with predictions made by dominant PFC theories. We conclude that the most consistent results from numerous lesions to the PFC suggest that the mid-dorsolateral PFC is necessary for some aspect of spatial working memory task performance and that the ventrolateral PFC is necessary for some aspect of learning arbitrary stimulus-response associations. These conclusions only partially overlap with the predictions from the material-and process-specific models, indicating that in their current forms, neither of these models can adequately account for the functional topography of the midlateral PFC.
